Abstract. Green tea catechins are known to function as anticancer agents via inhibition of carcinogenesis during the initiation, promotion and progression stages. Many potential mechanisms have been proposed, yet the precise mechanism of lung cancer prevention by green tea catechins remains unclear. microRNAs (miRs) are a class of 21-24 nucleotide small non-coding RNAs and play critical roles throughout cellular development and regulation. Emerging evidence demonstrates that tea catechins influence the expression of miRs in human cancer cells to inhibit tumorigenesis. Both let-7a-1 and let-7g were detected in the human lung cancer cells treated with tea catechins. The cell viability and cell cycle were analyzed after tea catechins treatment. In the present study, we found that tea catechins upregulated the tumor-suppressor miRs, let-7a-1 and let-7g, in lung cancer cell lines. The upregulation of let-7a/7g repressed the expression of their targets, C-MYC and the regulatory protein of LIN-28, at the mRNA and protein levels. Moreover, the cell growth assay indicated that tea catechins significantly inhibited cell proliferation, and the flow cytometric analysis revealed an increase in the number of cells in the G2/M phase and a decrease in the number of cells in the S phase after treatment with tea catechins. These observations suggest that green tea catechins mediate the inhibition of proliferation of lung cancer cells through the let-7 signaling pathway.
Introduction
Lung cancer is one of the most common malignant tumors and the leading cause of cancer-related mortality worldwide (1) . Small-cell lung carcinoma (SCLC) is the most aggressive subtype of all lung tumors and is associated with poor patient survival (2) . Although the investigation of known genes and proteins has yielded much new information, previously unknown biomarkers such as non-coding RNA gene products may also lend insight into the biology of lung cancer. Further investigation of the use of differential microRNA (miR) expression in the diagnosis, prognosis and treatment of lung cancer is warranted.
miRs are a class of short, single-stranded, endogenous and highly conserved non-coding RNAs that are involved in numerous developmental processes and the modulation of gene expression. Recent studies have demonstrated that various miRs, such as let-7, miR-15 and miR-16, are downregulated in human cancer cells and may function as tumor suppressors (3) (4) (5) (6) . Conversely, various miRs, including miR-21, miR-31 and miR-155, are upregulated in human cancer cells and may function as oncomirs (oncogene miRs) (7) (8) (9) . Members of the let-7 family of miRs are expressed at an extremely low level in lung cancer (10) and act as tumor suppressors by repressing cell proliferation and regulating multiple oncogenes, such as RAS and C-MYC (11) (12) (13) (14) . In addition, the C-MYC oncogene was found to regulate the expression of the pluripotency factor LIN-28, which modulates the process of mature let-7 (15) . Therefore, the upregulation of let-7 expression may inhibit cell proliferation by downregulating the C-MYC and LIN-28 expression signaling pathway in lung cancer cells.
Tea, one of the most popular beverages consumed worldwide, has received much attention due to its disease prevention effects (16, 17) . Studies have shown that these effects are attributed to the polyphenolic constituents which are present in high amounts in green tea (18) . The inhibitory effects of tea catechins against experimental carcinogenesis have also been demonstrated in many animal models (19) (20) (21) . In recent years, it has been reported that tea catechins induce the modification of the expression profile of miRs and mediate the apoptotic effect in human cancer cells (22, 23) . Furthermore, let-7 is known as a tumor suppressor in lung cancer cells or animal models by repressing cell proliferation (10, (24) (25) (26) and its expression profile may be altered by various agents (23, 27, 28) . However, the effect and mechanism of tea catechins on let-7 expression in human lung cancer remain unknown. Here, we identified let-7a-1, let-7g, C-MYC and LIN-28 expression levels in human lung cancer cells after tea catechin treatment and
Inhibition of proliferation of human lung cancer cells by green tea catechins is mediated by upregulation of let-7
found that tea catechins repressed cell proliferation of lung cancer cells through upregulation of let-7 and downregulation of the C-MYC, LIN-28 signaling pathway.
Materials and methods
Cell lines and tea catechins. NCI-H446 and MSTO-211H lung cancer cells were purchased from the Cell Resource Centre of the Shanghai Institutes for Biological Sciences of the Chinese Academy of Sciences (Shanghai, China) and cultured in RPMI-1640 medium (Invitrogen Life Technologies, Carlsbad, CA, USA) containing 10% fetal bovine serum (Hyclone, USA). These two cell lines overexpress the C-MYC protooncogene. The tea catechins were extracted from green tea by the All China Federation of Supply and Marketing Cooperatives (ACFSMC) (Hangzhou, China) and the purity was 85%. The catechins were dissolved in double-distilled H 2 O and stored at -20˚C for research use.
Tea catechin stimulation. Prior to tea-catechin treatment, the cells were maintained in a humidified incubator at 37˚C in 5% CO 2 and the media were replaced two times/week. Logarithmically growing lung cancer cells were harvested and seeded in 6-well plates (1x10 5 cells/well) or 96-well plates (1x10 4 cells/well). After overnight proliferation, the adherent cells were incubated with tea catechins at final concentrations of 0, 50, 100 and 200 µg/ml for 24-96 h. At the end of each treatment, the cells were used for cell growth assay.
Quantitative real-time RT-PCR for miRs and relative gene expression.
Forty-eight hours post-treatment, total-RNA was isolated from the cells using RNAiso reagent (Takara Bio, Inc., Shiga, Japan) according to the manufacturer's instructions. One microgram of total-RNA was subjected to reverse transcription reaction. Quantitative real-time RT-PCR of miRs (let-7a-1/7g) was performed using the Hairpin-it™ miR qPCR quantitation kit (Shanghai GenePharma, Co., Ltd., Shanghai, China) and the SYBR-Green PCR master mix (Takara Bio, Inc.) in the Mx3005P real-time PCR system (Stratagene, USA) for quantitative miR detection. The reactions were performed in 8-strip tubes (Axygen, USA) at 95˚C for 2 min, followed by 40 cycles of 95˚C for 15 sec and 62˚C for 1 min. Data were analyzed by MxPro 3.2 according to the manufacturer's instructions. The analysis of miR-related genes (C-MYC and LIN-28) was carried out by quantitative real-time RT-PCR. The reactions were performed at 95˚C for 2 min, followed by 40 cycles of 95˚C for 20 sec and 60˚C for 1 min and β-actin was used as an internal control. The primer sequences for qPCR and RT-PCR are shown in Table I .
Cell viability assay. At 24, 48, 72 and 96 h post-treatment using different concentrations of tea catechins, 20 µl of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, 5 mg/ml) was added to each well, and the cells were incubated for 4 h at 37˚C in 5% CO 2 . After incubation, the medium was carefully removed from the plates, and 150 µl of dimethyl sulfoxide (DMSO) was added to solubilize the formazan produced from MTT by the viable cells. Absorbance was measured at 490 nm by using an automatic microplate reader (Labsystems, Helsinki, Finland).
Flow cytometry. Twenty-four hours post-stimulation by tea catechins, the cells were harvested and washed with cold PBS and then fixed in 70% ice-cold ethanol for 24 h. After washing with PBS, the cells were incubated with 1 µg/ml propidium iodide (PI) for 30 min at room temperature before FACS Calibur system (Becton-Dickinson, USA) analysis. The data were collected and processed using the ModFit LT FACS analysis software.
Western blot analysis. Forty-eight hours after tea catechin treatment, the cells were washed three times with cold PBS and lysed in ice-cold lysis buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% Triton X-100, 100 µg/ml PMSF). Thirty minutes later, the cell pellets were collected by scraping. They were then transferred to new tubes and centrifuged at 12,000 rpm for 15 min at 4˚C. The supernatant was used for protein quantitative analysis by the Bradford procedure (Bio-Rad, USA) and then for western blot analysis. The proteins were resolved on 12% SDS-polyacrylamide gels, transferred onto PVDF membranes and incubated with appropriate antibodies according to the manufacturer's instructions. The rabbit polyclonal antibody of anti-β-actin (Beijing Bioss Biotechnology, Beijing, China) was used at a 1:500 dilution, the rabbit monoclonal anti-LIN-28 antibody (Epitomics, Inc., USA) was used at a 1:5,000 dilution, and the secondary antibody of IgG-HRP (Sigma, USA) was used at a 1:6,000 dilution. Color development reaction of HRP was performed using the BeyoECL Plus system (Beyotime, Haimen, China). The Quantity One analysis program (Bio-Rad) was used to obtain the quantitative data.
Statistical analysis. The experimental data are expressed as the mean ± SD of three independent experiments, and all experiments were performed in triplicate. The statistical significance between different groups was determined using a 
Results

let-7 expression is upregulated after tea catechin treatment.
To determine whether let-7a-1 and let-7g are involved in the response of lung cancer cells to tea catechin treatment, NCI-H446 and MSTO-211H cells were incubated with different doses of tea catechins before miR analysis. The qRT-PCR results of miRs showed that both of the mature let-7a-1 and let-7g were upregulated from the dose of 50 µg/ml, and their induced expression levels were markedly higher than those of the control groups (Fig. 1A and B) . Moreover, tea catechins upregulated let-7g in a dose-dependent manner in both cell lines (Fig. 1B) . Taken together, these results demonstrated that tea catechins upregulated the expression of the tumor-suppressor miRs, let-7a-1 and let-7g.
Tea catechins repress let-7 target and regulatory gene expression.
For further confirmation of the effect of tea catechins on let-7 target and regulatory gene expression, we used qRT-PCR to detect the let-7 target gene C-MYC and its regulatory gene LIN-28, at the mRNA level. C-MYC and LIN-28 mRNA expression was significantly reduced 48 h after treatment of the NCI-H446 and MSTO-211H cells with tea catechins ( Fig. 2A  and B) . To identify the effect of tea catechins on the expression of let-7 regulatory protein LIN-28, we further detected the LIN-28 expression at the protein level by western blot analysis and found that LIN-28 protein was decreased after tea catechin treatment (Fig. 2C and D) . The results revealed that tea catechins not only affected the let-7 target C-MYC expression, but also repressed let-7 regulatory LIN-28 expression.
Tea catechins inhibit cell proliferation through a let-7 signaling pathway.
To determine the cancer-preventive effect of the upregulation of let-7 by tea catechins on cell proliferation, we investigated the effect of tea catechins on cell growth and the cell cycle. The MTT results showed that tea catechins significantly suppressed NCI-H446 and MSTO-211H cell proliferation (Fig. 3) . Additionally, the inhibitory effects were markedly exhibited in a dose-and time-dependent manner. At doses of 50, 100 and 200 µg/ml of tea catechins, the percentages of inhibition were 28.9, 43.13 and 47.25% in NCI-H446 (Fig. 3A) as well as 34.72, 65.23 and 57 .69% in MSTO-211H cells, respectively (Fig. 3B) . Furthermore, treatment of the cells with tea-catechin resulted in a significant dose-dependent decrease in cell density by suppression of NCI-H446 cell growth (Fig. 3C) .
Tea catechins induce cell cycle arrest at the G2/M phase.
We further investigated whether the upregulation of let-7 and the downregulation of the C-MYC/LIN-28 pathway by tea catechins affect the cell cycle. The DNA content analysis of the cell cycle was accomplished using flow cytometry. The results showed that the cell cycle was arrested at the G2/M phase, and the number of cells in the S phase was significantly decreased at an appropriate dose of tea catechins in NCI-H446 and MSTO-211H lung cancer cells (Fig. 4A and B) . These results indicate that treatment with tea catechins results in cell cycle arrest.
Discussion
The present study reveals that tea catechins significantly suppress cell growth by upregulating let-7 and downregulating the C-MYC/LIN-28 signaling pathway in lung cancer cells and mesothelioma cells which overexpress the C-MYC protooncogene. Tea catechins were found to exhibit inhibitory effects against the formation and development of various tumors. More specifically, tea catechins have been reported to alter the expression of C-MYC in lung carcinogenesis (29) . Their anticancer effects include suppressing cell proliferation, promoting apoptosis, modulating signaling transduction and inhibiting cell invasion or metastasis (30) . Interestingly, tea catechins also inhibit non-cancer (human embryonic lung fibroblast) cell proliferation (unpublished data from our own group), which indicates the suppression of cell growth is a non-specific effect. The in vitro cytotoxicity of tea catechins to cancer and normal cells has also been reported in previous studies (31, 32) . Although the effects of tea catechins on inhibiting human cancer cell proliferation have been reported in several studies (18, 30) , the precise mechanism of suppressing cancer cell growth is unclear. miRs are small non-coding RNA and are known to be important in the regulation of numerous cellular events (33) . In particular, the let-7 miR family is an important class of cell regulatory factors of cellular growth. Our results also showed that let-7 is a tumor-suppressor miR and reduces C-MYC and LIN-28 expression in lung cancer cells. Recently, it has been shown that glia dedifferentiation and retinal regeneration are regulated through a LIN-28-dependent, let-7 miR signaling pathway (34) . Moreover, the previous study indicates that LIN-28 functions as a negative regulator of let-7 miRs, and C-MYC suppresses mature let-7 miR expression through promotion of LIN-28 expression (15) . Based on these studies, since C-MYC and LIN-28 regulate let-7 expression in cell differentiation and regeneration, here we confirmed our hypothesis that tea catechins suppress lung cancer cell growth via upregulation of let-7; through the inhibition of C-MYC and LIN-28 expression.
Recent studies have demonstrated that natural agents, such as B-DIM, isoflavone, genistein and curcumin, can alter the expression of specific miRs and thereby inhibit tumor growth (35) (36) (37) . In addition, Zhang et al (38) reported that curcumin downregulates miR-186 and therefore induces cell apoptosis in lung cancer cells. The main component of tea catechins, EGCG, was found to upregulate miR-16 and downregulate its targeted gene Bcl-2 to induce apoptosis in human cancer cells (23) . This previous study also demonstrated that EGCG modified the expression of various miRs in human hepatocellular carcinoma HepG2 cells. In particular, 13 miRs were upregulated and 48 miRs were downregulated. Among them, the upregulated miRs included let-7a, let-7b and let-7c (23). Izzotti et al (27, 28) found that exposure to cigarette smoke alters miR expression in the lungs of rats. Our study demonstrated that expression of the tumor suppressors let-7a/7g was upregulated after tea catechin treatment. The properties and functions of these miRs may contribute to the differential anticancer effects of tea catechins. These emerging studies suggest that various agents affect mechanisms through miRNA pathways, and these support our finding that tea catechins alter the expression of various miRs and their targets or expression of related genes.
In conclusion, our study revelaed that tea catechins modulate the expression of various miRs in lung cancer cells; expression of let-7a-1 and let-7g was upregulated. The expression levels of let-7 target C-MYC and regulatory protein LIN-28 were reduced after treatment with a high dose of tea catechins. Based on the fact that let-7 overexpression suppresses cancer cell proliferation and tea catechins prevent cancers, our results found that tea catechins suppress cell growth via increased expression of let-7 miR and decreased expression of the targets, C-MYC and LIN-28.
